INTRODUCTION
The Bunbury Basalt is the collective term for a series of lava flows that represents the only Mesozoic magmatism in the Perth Basin, Western Australia, and is restricted to the southernmost part of the basin. It is interpreted to be associated with the breakup of eastern Gondwana and the emplacement of the Kerguelen large igneous province (Frey et al., 1996) . The Perth Basin is a north-south trending sedimentary basin that stretches along the western coastline of Australia between latitudes 27°S and 35°S (southern end shown in Figure 1 ). Deformation in the Perth Basin is dominated by listric, extensional, north to north-west trending faults, compartmentalizing the basin into a series of sub-basins that controlled the distribution of sediments and subsequent fluid flow (Song and Cawood, 2000) . The Bunbury Basalt is situated in the southern Perth Basin, which comprises (from east to west) the Bunbury Trough and the Vasse Shelf, bounded by the Darling, Busselton and Dunsborough Faults, respectively (Figure 1 ). Permian to Recent sediment was deposited (Crostella and Backhouse, 2000) . However, identifiable faults and stratigraphic correlation between drill holes is impeded by sparse well coverage, poor quality seismic data, and the predominantly sand-rich, fluviatile nature of lithofacies. The poor-quality seismic data (Iasky, 1993) and regional gravity data (Iasky and Lockwood, 2004) inhibit the identification of all but the largest and deepest faults. However, the Early Cretaceous Bunbury Basalt (~123-132 Ma; Frey et al., 1996) is much easier to distinguish due to its distinctly higher magnetic susceptibility in aeromagnetic images and clear lithological contrast to the surrounding sedimentary rocks.
Therefore, the Bunbury Basalt provides useful stratigraphic marker that could facilitate the identification of
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post-flow deformation in the basin, such as faults and folds, and test previous tectonic interpretations. The Bunbury Basalt is thought to comprise at least two flow episodes separated by a thin sedimentary layer and is exposed in several outcrops and has been intersected by more than 290 drill holes (Figure 1 ) (Iasky and Lockwood, 2004 ).
Yet, it is poorly understood how the outcrops and well intersections are spatially linked, and little is known about the preserved volume and areal extent of the Bunbury Basalt. Furthermore, the location(s) of the original extrusive centre(s) are poorly constrained.
New, high resolution aeromagnetic data, acquired by the Geological Survey of Western Australia in 2011, have become available that could give new insights into the geometry of the Bunbury Basalt.
This work aims to constrain the 3D geometry of the Bunbury Basalt for the first time by integrating recently acquired aeromagnetic survey data with all available well and outcrop data, to produce a 3D model. We use the 3D geometry to resolve: (a) the spatial distribution and preserved volume of the Bunbury Basalt in southwestern Western Australia; (b) the source conduits of the basalt lava flows; (c) the paleo-drainage patterns at the time of eruption, and; (d) structural deformation in the southern Perth Basin since basalt emplacement. Knowledge of the paleo-drainage patterns and fault distribution/kinematics are useful for understanding the tectonic evolution of the southern Perth Basin, and could aid correlation of stratigraphy across the basin.
METHODS
The geometry of the Bunbury Basalt was determined using: (a) recently-acquired regional airborne magnetic data collected in 2011 and legacy regional airborne magnetic data collected in 1957; (b) 290 Bunbury Basalt-bearing drill holes and >30,000 non-basalt bearing drill holes, and; (c) previously and newly identified faults from sharp offsets in the basalt geometry ( Figure 1 ). Aeromagnetic data were processed using Oasis Montaj® software in order to visualize the magneticallyanomalous Bunbury Basalt within a relatively magneticallyhomogeneous sedimentary sequence. The data were gridded to 100 m, reduced-to-pole, and then further processed to produce a first vertical derivative to aid in distinguishing the basalt boundary. A depth inversion via standard Euler deconvolution was resolved and compared to Euler deconvolution solutions produced for the legacy aeromagnetics (Iasky and Lockwood, 2004) to estimate depth solutions away from drillholes. The 2011 aeromagnetic survey covers onshore areas only, and so lower resolution legacy aeromagnetic data were used to constrain the offshore extent of the Bunbury Basalt (Iasky and Lockwood, 2004) .
Three-dimensional modelling of the Bunbury Basalt utilized Petrel E&P 2013 to process the data. This modelling was done in several stages. (1) a digital elevation model (DEM) was generated in Petrel E&P software. (2) Data from all drill holes that contained basalt (n=290) and those that did not contain basalt (n>30 000) were entered into Petrel and used to model the basalt as a continuous sheet using a convergent interpolation algorithm. (3) Aeromagnetic images indicated that the Bunbury Basalt is restricted to two sinuous, magneticallyanomalous bodies. With this information, the model was reinterpolated so that the base and top of the flows terminate outside these paleochannels. (4) Drill hole constraints were supplemented with the total magnetic intensity and the relative Euler deconvolution depth solutions to model areas with little drill hole constraints. (5) The 3D architecture of the offshore expression of the Bunbury Basalt is not penetrated by drill holes. The areal extent was obtained from legacy aeromagnetics. The basalt's top elevation was modelled using the breakup unconformity surface as the top of the basalt (from 2D seismic). The base was modelled according to the total magnetic intensity, using known thickness-intensity relationships from onshore domains. (6) 
RESULTS & DISCUSSION Distribution and timing of the Bunbury Basalt flows
The spatial distribution of basalt-bearing drill holes and outcrops show that the Bunbury Basalt is restricted to the Bunbury Trough, the westernmost Yilgarn Craton and easternmost Vasse Shelf (Figure 1 ). Aeromagnetic data show that the lava flows constrained from drill holes and outcrops coincide with two spatially-and texturally-distinct high frequency, high amplitude 'channels' with numerous 'tributaries'. These are interpreted to be paleochannels that reflect the fluvial drainage pattern immediately prior to extrusion of the basalt. In this study, the western channel is referred to as the Bunbury Channel, and the eastern channel as the Donnybrook Channel. Isolated magnetic localities with similar magnetic texture/intensity are proximal to the main channels, and as such are probably related to the Bunbury Basalt. Drill holes in the neighbouring, relatively magnetically-homogeneous Bunbury Trough do not intersect the lava flows, indicating it is restricted to the meandering and sinuous channels. The majority of drill holes within the Bunbury Channel record two intervals of basalt, separated by up to 6 m of sedimentary rock. The thicknesses of the two intervals vary spatially, which corresponds to their positions within the channel. Within the Donnybrook Channel, drill holes only ever penetrate a single interval of basalt. The Bunbury Channel is situated centrally within the Bunbury Trough and typically has a heterogeneous negative aeromagnetic anomaly (i.e., has a total magnetic intensity that is consistently lower than the surrounding sedimentary rock/basement). The Donnybrook Channel straddles the Darling Fault and has a homogeneous positive aeromagnetic anomaly. The contrasting negative and positive aeromagnetic anomalies of the Bunbury and Donnybrook Channels, respectively, indicate different thermoremanent magnetization orientations, implying that the basalt within the two paleochannels erupted at different times (i.e., the two flows erupted during different magnetic pole orientations) (Iasky and Lockwood, 2004) . This indicates that the basalt extruded over a period that spanned at least one polar reversal. The Donnybrook Channel cooled when the magnetic pole was in a similar orientation as it is at present (i.e., north), whilst the opposite is true for the Bunbury Channel (i.e., south). The textural heterogeneity in the Bunbury Channel may be produced by destructive interference from stacked flows of different thicknesses and oppositely directed magnetic polarity flows. We know that two flows constitute the Bunbury Channel, and thus, if the thicker flow is over-or underlain by a thinner flow with a northerly polarity, the polarities of the two flows partially cancel each other (i.e., destructive interference), whilst still showing an overall negative anomaly. This indicates that the two Bunbury Channel flows, separated by sediment, cooled during different polar orientations. No absolute ages exist for the Donnybrook Channel or the lower flow of the Bunbury Channel, but relative relationships may be established from a cross-cutting relationship between the Bunbury and Donnybrook Channel near the town of Bunbury (Figure 3 ). Drill hole data and aeromagnetics indicate that the originally continuous Bunbury Channel had been eroded by a crosscutting paleochannel, followed by eruption of the Donnybrook Channel basalts into this new paleochannel. Subsequently, deposition of non-magnetic sediment occurred into this paleochannel. 
Interpretation of conduits for Bunbury Basalt flows
The most elevated points of the Bunbury Basalt are on the Yilgarn Craton, which were still topographically in the Early Cretaceous. The Donnybrook Channel encroaches at three locations onto the Yilgarn Craton and the Bunbury Channel is connected to the Yilgarn via a tributary channel at latitude 33°50'S (Figure 1) . Therefore, the source of eruptions, for both the Bunbury and Donnybrook Channels, would have been on-or near the Darling Fault to allow lava to flow onto the Yilgarn Craton. Although there could be other feeder vents that have now been eroded, the most likely locations are at the three lobes of basalts onto the Yilgarn Craton (Figure 1 ). All three postulated vent sites are located at releasing jog fault intersections between the Darling Fault and newly-identified NW-or NE-striking faults, thereby producing pipe conduits aiding the ascent of magma to the surface. Unfortunately, magnetic source depth modelling failed to find any pipe conduits because of interference with the magnetically chaotic Yilgarn Craton and the possibility that the feeder vents are too thin to be detected by the regional aeromagnetic survey. Other source locations are unlikely because significant upstream flow would be required to deposit the Bunbury Basalt on the Yilgarn Craton.
Paleo-drainage as indicated by the basalt geometry
The lava flows are controlled by the pre-emplacement fluvial architecture and comprise of meandering and straight segments, which are controlled by a combination of lowgradient topography (<1°) and incision along pre-existing fault scarps, respectively. The 3D model provides a present-day volume for the Bunbury and Donnybrook Channel of 43 and 47 km The basalt thins progressively towards the edges and towards the tips of tributaries. Locally, thin (<20 m) splays of thin basalt occur outside the channel, presumably channel-breach or overbank flows, particularly in the Bunbury Channel. There is no systematic onshore thickness variation from north to south. Offshore, the basalt thins to 30-40 m in the centre to <10 m on its margins. Minimal channel-breach/overbank implies that the paleochannels were deeply incised, although it is possible that more channel-breach basalt has since been eroded.
If indeed the source vents for the flows were situated along the Darling Fault in the vicinity of Donnybrook, then this implies the lava flowed westward down a Yilgarn-sourced tributary and then both northward and southward along the axial paleochannels. It is very unlikely that the drainage was only northwards or southwards, as this is incompatible with the angles created between the tributary and main channels, and the general widening of the main channels both southwards and northwards (Figure 1) . The Early Cretaceous drainage system is contrasting to the modern-day Perth Basin drainage, where all approximate east-west. This implies that between the Early Cretaceous and present-day, the direction of axial drainage changed from predominantly north-south to predominantly east-west.
Faulting and folding in the southern Perth Basin since extrusion of the Bunbury Basalt Paleo-drainage patterns have indicated that channels were originally horizontal. Thus, angles higher than this in the present-day geometry are attributed to subsequent deformation, namely faulting and folding. Sharp offsets in the flow tops and bases have led to the identification of several new faults ( Figure  2) . The newly identified faults may be split into NE-and NWstriking sets. The NW-striking set consistently cross-cuts and offsets the NE-striking set. Aeromagnetic anomaly maps indicate that the faults have no measurable strike-slip component (Figure 1) . The geometry of cross-cutting structures indicates that these faults are normal dip-slip, and preserve net normal displacement. The Darling and Busselton Faults have the largest throws (370 and 210 m, respectively), although the Busselton Fault displacement is only constrained from two points near the southern end of its strike, and is expected to be larger near the centre of the fault (Figure 4) . One NW-and one NE-striking fault between latitudes of 33°25'S and 33°35'S have displacement magnitudes of 135 and 175 m. The remaining eight identified faults have displacements in the range of 30 to 75 m. Thus, faulting of the Bunbury Basalt is characterized by polymodal faulting, including normal, dip-slip displacement along the Darling and Busselton Faults, and sets of subordinate NE-and NW-striking faults (Figure 4) . The NE-and NW-striking faults are correlated to similar sets in the northern Perth Basin, which are reported to have initiated during the Permian and Triassic for the NE-and NW-striking faults, respectively (Pryer et al., 2005) . Re-activation of the NE-striking faults probably occurred as greater India drifted away from Australia-Antarctica in the Early Cretaceous because this is consistent with the directions of tectonic stress directions at this time (Pryer et al., 2005; Song and Cawood, 2000) . This was then followed by re-activation of NW-striking faults, probably when Antarctica drifted away from Australia in the Late Cretaceous to be compatible with tectonic stress directions in the Late Cretaceous.
The Bunbury Basalt flows also show a regional-scale, northsouth trending anticline in the Bunbury Trough (Figure 2 ). This is interpreted to be due to symmetrically opposite drag folding during normal-sense displacement along the Darling and Busselton Fault activity. This anticline is roughly equidistant from both the Darling and Busselton Faults, implying that the drag in magnitude by both faults was approximately equal. The dip of the Bunbury Basalt increases exponentially from the centre of the anticline out towards the two faults. This phenomenon has also been observed from 2D seismic (Iasky and Lockwood, 2004) in post-breakup sedimentary strata off the south coast.
CONCLUSIONS
The Bunbury Basalt comprises three distinct lava flows in two paleochannels, two in the western Bunbury Channel and one in the eastern Donnybrook Channel, and several deeply-buried sheeted sills. The Donnybrook Channel cross-cuts at least one of the Bunbury Channel flows, although it may cross-cut both flows in the Bunbury Channel. Conduits for both the Bunbury and Donnybrook Channels were identified as one (or more) of three possible vents at fault intersections between the Darling Fault and subordinate NE-or NW-striking faults. The net normal sense observed in the Darling Fault and these subordinate faults could have resulted in releasing jogs, allowing magma to rise to the surface. Deeply-buried sills probably utilized the Busselton Fault and possible subordinate cross-cutting faults as conduits for magma ascension and discontinuously intruded into the heterogeneous sedimentary rock. The Bunbury Basalt fills a north-south axial fluvial system that is controlled by pre-Cretaceous topography and fault scarps. Its total volume (90 km 3 ) is primarily onshore and restricted to the deep channels, with minor channel-breach splays to the north and south. Early Cretaceous paleo-drainage allowed the Bunbury Basalt to flow westwards down a Yilgarnsourced tributary into a large north-south axial drainage system. The channel morphology indicates that it probably flowed both north and south from this central tributary. The switch to the modern-day east-west dominated drainage pattern in the Perth Basin must have occurred since the extrusion of the Bunbury Basalt. Offsets of the Bunbury Basalt have been used to identify new northeast and northwest trending faults that were active after the deposition of the Basalt, and broad folding is interpreted to a consequence of drag into the Darling and Busselton Faults.
